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■ Abstract 



An Aoki-Denner form of the renormaUzation scheme is suggested for the 
physical amphtudes in MSSM. The Higgs sector is reparameterized with the 
mass of the CP odd scalar, and the mass of the heavy CP even one instead 
of tan(3 in our scheme. The counterterms of tan/3 is fixed perturbatively 
on mass shell just within Higgs sector. The counterterms of gauge-scalar 



. mixings are defined with Ward-Takahashi identities from scalar-scalar mix- 

^ \ ings. The effect of the reparameterization is also probed on the radiative 

' correction of the mass of the lightest Higgs. 

o ■ 

00 

5!^ . I. INTRODUCTION 

D , In the minimal supersymmetric standard model (MSSM) [|^, the masses and 

^ ' couplings of physical bosons are restricted and can be expressed in terms of merely two free 
parameters at tree level, although supersymmetry is softly broken §]. Those constrains 
^ ■ no doubt will be affected by radiative corrections, especially by top/stop quark loops. 
. If MSSM is a perturbative theory as reckonable as it had been expected, its qualities 

at lower order should be kept somehow up to higher order. For example, if those treelevel 
relations had been disregarded completely, the prediction for the mass of the light CP even 
Higgs M/j < 130 GeV in the effective potential(EP) approach 0] or in the renormalization 
group method(RG) [^] will be non-trivially complicated. These kinds of work gave a 
logarithm correction e ~ SG^M/ sin^ /31og(l + m?/m^) to estimate the mass of Higgs 
bosons with good approximation, which can be used for Higgs phenomena 

When one counts in the momentum dependence of the full set of Green functions, 
one can also deduce a logarithm correction like that e within the framework of Feynman 
diagrammatic calculation (FDC). At the same time, FDC is also well necessary for the 
phenomena on present or future colliders H, whose main goal is searching for the (lightest) 
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Higgs boson. To identify a Higgs boson on wherever Tevatron, LHC or NLC, the knowl- 
edge of its mass is necessary indeed. Especially, to study whether the produced Higgs is 
a supersymmetric one, an appropriate supersymmetry-like simulation for its production 
cross sections and decay widths is more crucial and beneficial. 

Then, instead of abandoning all the tree level relations in MSSM, one should investi- 
gate which of those simple supersymmetric constrains can be remained perturbatively in 
FDC and how the other variables can be deduced loop by loop. With this bias we noticed 
I^J^, which have developed renormalization procedures within the on- mass-shell scheme 
following 1^. In their representation, the physical mass of Higgs boson was acquainted 
as the pole solution for the renormalized propagator, and the Higgs phenomena can be 
predicted systematically Recently, even the two loop FDC in the same line of |^ had 
been developed for the prediction of the parameter p = /( M| cos^ 6*^;) and the mass 
of Higgs bosons All these works have demonstrated the efficacy of FDC. 



So in this work we try to spread the formalism in 0,0], and highlight their effect as 
FDC for decay width or cross section. We seek for an alternative realization motivated 
by |T^ and [|13|, in which the wave function renormalization of mass eigenstates are 
performed explicitly, and in which the gauge fixing terms are renormalized simply, to 
offer a practical option for general MSSM perturbative calculations. Such kind of frame 
has been established for the general two Higgs doublet model (2HDM), for example in |14|. 
However, the property of the supersjTiimetry in MSSM allows us to give more relations in 
the radiative corrections. Similar consideration had ever been adopted in for radiative 
corrections. 

In both |T5| and |^, the tan(3 was selected as an input parameter of MSSM and its 
counterterm is subtracted with a MS manner. Since 5(5 is much used for most FDC 
of MSSM, it should be fixed at a definite scale with an Ultraviolet (UV) finite part. 
For the simplicity of loop calculations, it should also be defined through a set of 2- 
point one particle irreducible (IPI) Green functions but not the complicated 3-points 
Green functions. (It's well known that, in SM the gauge symmetry has simplified the 
counterterm of electric charge 5e as a combination of the self energies of neutral gauge 
bosons). Then the reparameterization in our scheme is a reasonable attempt through 
replacing tan(3 with the heavy CP even scalar M^. 

In addition, the mixing of gauge and Higgs bosons raised outstanding since MSSM 
is a gauge theory with two scalar doublets as a special 2HDM. Especially the heavy 
top (super) quark will contribute a large correction to these mixing loops, which will 
be necessary for the physical process involving the pseudo-scalar or the charged Higgs 
bosons. To our knowledge, this subject is less discussed as a part of systematic MSSM 
renormalization from the point view of gauge invariance, although various of treatments 
were already defined from the subtraction of Goldstone propagators in time of need. Since 
the Ward-Takahashi identities (WTI) plays an important role for the renormalization of 
gauge field theory, we tried to generalize the treatment in |T2[ to this MSSM case for the 
counterterms of gauge-scalar mixings. 

The present paper is organized as following. In section II, we introduced the conven- 
tions and notations for MSSM. In section HI, we accomplished the Aoki-Denner form of 
the renormalization of MSSM, including the pole mass of the lightest CP even Higgs bo- 
son and the on-mass-shell counterterms of j3. In section IV we deduced the wave-function 
renormalization constants of gauge-scalar mixing terms. A brief discussion is oriented on 
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the application of these formulae in the last section. Some essential expressions are listed 
in the Appendices. 



II. TREE LEVEL STRUCTURE OF MSSM AND NOTATIONS 

The original SU{2)^ (g) U{1)y gauge invariant Higgs sector in MSSM read, 

Lk,n = HiDl ^D^_Hi + H^Di ^DlH2 (2.1) 

where D'^ = ^ ^QiB^ — ig2T°'W°' ^. For low energy phenomena, the Higgs sector of 
MSSM has a soft broken potential with explicit CP conservation, 

Vsoft = mlH.H, + mlH2H2 - mUe^.H'^H'^ + h.c.) 

+ ^g\H,H,-H2H2f - ^\HiH2\' (2.2) 

where is defined to be negative and ei2 = —£21 = — 1, g"^ = Qi + qI- Here can we 
count clearly the five parameters of this model, gi, g2, 1^1,7712, and (where a fi has 
been absorbed into mi and 1712). This model in Higgs sector has fewer parameters than 
2HDM, so it should be more predictive. 

Down to Electroweak scale, Higgs fields develop their vacuum expectation value (VEV) 
■fi 7^ 0,f2 7^ and mix into mass eigenstates. With the same components of $i,$2 in 
IITGII, the doublets are, 



H2J^)^i^_-^^^,^^^^) (2.3) 



(2.4) 



but neither vi nor f 2 is new independent parameters. They can be induced as functions 
of the five original parameters from the minimum point of the potential [|1^ 



dV dV 

— = 0, 7^ = 0, (all fields 0) (2.5) 

OVi OV2 

and V = \Jv'l + V2 gives the mass of gauge bosons as known well in SM. 

Furthermore we choose the mass of pseudo-scalar Higgs and the mass of heavier 
CP even neutral Higgs Mh as the input parameters for the Higgs sector. Then other 
parameters can be represented upon these five independent parameters. 

tan 2a = tan 2/3 —75 --I-, = — M 4 sin /5 cos /5, 

M\-Ml ^ ^ 

fi = fcos/3, f2 = f sin/3 (2.7) 

We'll see later that Eq.(p.6|) and the first of Eg. (p.7|) can be used to define /5 and a loop 
by loop. At tree-level, Eq. (^TSf) appear exphcitly 
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= mlv sinP + v cos (3{ml + M| cos 2/3/2) 

= mgf cos P + V sin /?(m2 - M| cos 2/?/2) {2.t 



which has used Eq. ( p.6| , p.7| ), and imphed that, m\^m\ can be considered as functions 



dependent on M^, Mj:/ , M^, M^y and e. This constrain will be changed by loop correction 
although they lead to simple tree-level mass for Higgs bosons, 

K = ^[ Ml + M|-A], Mi+=Ml + M^ (2.9) 



where A = ^{Ml + M|)2 - 4M|Ml cos^ 2(3 

The gauge- Goldstone mixing terms must be encountered when the gauge invariant 
eigenstates are transformed into mass eigenstates. For example, to Z boson there is 



one term Z^^d^G with a coefficient {vico?,[3 + V2sm P)y gf + g2/2. In our selecting of 
parameterization, this mixing term becomes 

Cmix = -MzZ'^d^G (2.10) 

Fortunately, this mixing can be cancelled at tree level by the one from so-called gauge- 
fixing term, 

Cgf = -i^{d^Z^ + c^zMzGf (2.11) 

which is necessary for the quantization to gauge fields. The same thing keep for W gauge 
boson and photon. 

Here we have chosen the SM-like gauge fixing, and in following calculation, we adopt 
the 't Hooft-Feynman gauge, az = Oiw = o.^ = 1, since the physical result should be gauge 
independent. 



III. RENORMALIZATION PROCEDURE FOR MSSM 

A procedure of renormalization is expected to perform the perturbative calculation. 
One choice is naively including the virtual super particles into the radiative loops in [|I^ 
and mechanically applying the subtraction formulae listed there, with an argument that 
the tree-level relations are spoilt. Unless the necessity to withdraw so far, however, we 
prefer to find one mediocre formalism aimed at Eq. ( p.2| ). The supersymmetric structure 
of this potential still enable us to predict perturbatively the pole mass of the lightest Higgs 
and to define the counterterm of (3 even though the conventions of |T^,T^ are followed 
here. 



3.1. general framework 

This scheme defines explicitly the renormalization constants of fields as mass eigen- 
states. 



4 




(3.1) 

We haven't taken the renormahzation to the gauge eigenstates used in and 1^ such 



as, 



{€f - 1 + <f) (3-2) 

which seems more compact and concise, so we have to seek alternative way to treat 
tadpoles and define 5(3. As to the input parameters, our scheme prefer the renormahzation 
to the five physical parameters bellow, 

Ml^Ml + 5Ml M^^M^ + SM^ 

e — > e + 5e (3.3) 

where Mw, Mz are the mass of gauge bosons, e is the electric charge, and they are 
renormalized in the conventional electroweak treatment 

3?e tz{k^) = ^z{k^) - SM^ + 6Zz{k^ - M|) = 

3fJe ±w{k^) = ^w{k^) - SM^ + 6Zw{k^ - M^) = 

fr(^' = 0>i'=/^ = "^e)=^e7^ (3.4) 

Regarded as the physical mass of the pseudo-scalar (heavy CP even neutral) Higgs 
boson, the M4 (Mh) in Eq. ( ^.31 ) finds its counterterm in a way like Eq. ( |3.4| ), as will be 
demonstrated later. 

In addition to the wave function renormahzation of charged Higgs, the renormahzation 
of physical Higgs masses, 

M2 ^Ml + 5Ml Ml+ ^ Ml+ + 5Ml+ (3.5) 

formally complete the renormahzation of 2HDM including MSSM. In the conventional 
treatment and Eq. ( |3.5|) fix the counterterms of Higgs mass, and gives no in- 
formation on the value of these masses. However, in MSSM we can give alternative 
interpretation to Eq. (p.5|) and subtract the magnitude of Higgs masses from it. 



3.2. constrains on mass counterterms 

In MSSM, the mass relations between gauge and Higgs bosons are connected by 



Eqs. (|2.8|) and Eq. (|2.6|J2.7| ). Since the renormahzation should not increase the number of 
the independent (free) parameters, we have to reproduce the masses of bosons through 
the breaking of gauge symmetry, to investigate how those connections can be regulated 
by the loop corrections. In another word, the relation between different counterterms 
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should be determined by these constrains. Then the rescahng of the scalar's VEV {i.e. 
the renormahzation of those constrains) is of the first importance. For the convenience 
to expound, we construct the generahzed form of Eqs. 



Th = —{[8ml cos (3 + sin (3{8ml — g^v"^ cos 213)] cos a 
8 

— [8m\ sin [3 + cos [3 {8m\ + g'^v'^ cos 2/3)] sin a} 

Th = o {[8^3 sin {3 + cos I3{8m\ + g^v^ cos 2/5)] cos a 
8 

+ ^m\cos (3 + sm.(3{8m\ — (7^t>^ cos 2/3)] sin a} (3.6) 

The fi,f2 should generate properly the masses of gauge bosons and fall into the last two 
of Eq. ( p.7| ) order by order. To generate the masses of Higgs bosons, it's convenient to 
employ the original matrices in the quadratic terms of scalar fields. The matrices (a factor 
I compressed) have been rotated but are not necessarily identified as the physical masses. 
The most important one is the mass form of the pseudo-scalar A, 

Maa = A (-4m? + 4m^-/t;2cos2/3)cos2t9 + 4(m? + m^-2m^sin2^9) ]/16 (3.7) 

which has no more impact but a equation to solve m\.,m\,m\, associated with Eq. ( p.6|) . 
It's easy to check from the Eq. ( [A.2| ) in the Appendices that, m\,m\,m\ return to 
their tree-level form Eqs. and (l^, |3) only if ^9 ^ /?, ^ 0, ^ 0. Then 

the mass matrices (quadratic form) of the Higgs sector can be recast as functions of 
e,Mw,Mz,MA,P{Ml). 

These fundamental parameters (e , My/., Mz, Ma, Mh) can run from their bare to 
corresponding renormalized (physical) values, as described in Eq. ( |3.3| ). When such a 
replacement is performed, a natural renormahzation condition show itself up, 

= Th{eR, MwR, MzR, Mar, Mhr) = 

= TnieR, MwR, Mzr, Mar, Mhr) = (3.8) 

This indicates nothing else but that, the physical rescaling of VEV is to eliminate the 
linear terms of Higgs fields, so that each renormalized (one point) Green function has tree 
level form in renormalized parameters, and so that ViR is the place where the potential 
reach its minimum, and the resonable relation 

Vi6vi + V2SV2 = v6v, ^^j"^!^ _ ^!^~) = sec^/? 6f3 (3.9) 

Vi V2 Vi 

rather than 6v2 = Svi = 6v = had been used. From now on, the subscription R is omit- 
ted on the right side of equations unless the renormalized quantity is not equivalent to the 
physical one. To show how 6(3 is traded for SM]j, we write the other two transformations 
at length 

MAA{e, Mw, Mz, Ma, Mh) ^ MI + SM^ 

Mnnie, Mw, Mz, Ma, Mh) = [(4m? + Amj + g%^) 

+2 (2m? - 2m2 + g'^v'^ cos 2/3) cos 2a + 2{Am\ — g^ sin (3 cos (3) sin2a]/8 

= ^[Ml + M| + A] + Thh ^ M'^h + ^Mhh 

= [Mi + Ti^,] + {[(i + ||)^Ml+(i + ||)^M| + ^^/?]+T,.} 

= [Ml + ri^] + {[5Ml]+THH} (3.10) 
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induced 



where Thh is a linear combination of 7/^, Th and = 0. Then Eqs. (|3.9| , ^TT]) and 

r^(e, M^., Mz, M^, Mh) + T;, = + Tf,, 

Tnie, Mw, Mz, Ma, Mh) ^ + Th = + Th (3.11) 

MAcie, Mw, Mz, Ma, Mh) ^ [ M% ] + ^Mag 
. M4 (t>2 cos — f 1 sin -i?) , ^ 

= + ^AG ]+Tag 

Vi COS + V2 sm 

A^M(e, Mw, Mz, Ma, Mh) ^ M^^ + + [ + T;.^ ] (3.12) 
where M^p^ obey Eq. ( p.9|) and 5M.hh is just its variation, 

^ 5M,2 + T,, = T,, + {\- -^ml + (i - |^)5M| - ^SP (3.13) 

Here the rotational matrix had been defined with different angles as shown in the 
Eq. (A.l). An easy algebra concludes that, 6^ (or 6^+) can be cancelled automatically 



and neatly by SP, only if /3 = -i? = is set in the coefficients of these counterterms. 
This pleasing result indicates that, in this scheme, the angles for Higgs coupling to other 
particles can be kept as only one angle, i.e. p. And, one 6P is sufficient and consistent 
for any one loop calculations. 



3.3. M^p as pole mass 



Combined with the fields renormalization in Eq. ( p.lD , above mass counterterms can 
be fixed by the so-called on mass shell renormalization conditions in the Higgs sector, 
1). Tadpoles 

= T,^^ + Th + t\ = Tj^ + TH + t" (3.14) 
2). Heavy neutral CP even Higgs 

3?e tniqX'^^Ml = [ ^Hniq') + {Zh + ZuH)q' ]y=Ml - 2Z]l^Z]ll5M 



Hh 



~Zh{Mhh + 5Mhh) - ZhHiMhh + SMhh) = 

3?e tHH{q%2=Ml = [ ^Hhiq') + (44'4^' + Z'J'z'J^)q' - Z'J^Z'J^M,, + 

-ZIIIz'J\Mhh + SMhh) - {Zl^'zH' + z]llzl/^)6MHk = (3.15) 
3). light neutral CP even Higgs 



^g2 ^fihiq'^) + Zhh + ZhH 



d 

2 ^hh{ 

3?e SM(g') = [ S,(g2) + (Z, + ZhiM^ ] - Z^iMnh + SM^h) 
-ZnhiMHH + SMhh) - 2Zl^'zlll6MHh = 

t,H{q') = [ ^HHiq') + {Zl^'zl^ + Z]!lz]l')q^ ] - Z^^zH^M^n + ^Mnn) 
-Z]IIz]1\Mhh + 5Mhh) - {ZH^ZI;^ + z]IIzI/^)5Mhh = (3.16) 
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The subtraction for the neutral CP odd Higgs A has the same form as Eq. (|3.15| ) when a 
particle substitution {H, h) — > (G, A) is made. The symbolics t^, , T,hh, ^hh, ^hH, ^aa 
and T,GA denote the IPI Green functions ( loop integrals with UV divergence ). For the 
sector that concerns the selected input parameters it's easy to solve, 

5MI = 1:hh{MI)-Thh. SZh = -^^hh{M'^) 
2[T,^-S,^(M^)] 

O^hH — - 



Ml - Ml^ 

5MI = T.aa{MI), 6Za = -^^aa{MI), 6Zg = -^^cciO) 
SZaA^'-^^^^^^^^' ' (3.17) 



where Eqs. (|3.1CI| ) and ( p.l2|) have been used. 



It's noticeable that, the variable of T^hh is the physical mass in Eq. ( |3.15| ), which is 
just Mfjpi^ at the same time. On the contrary the variable of Hhh is not in Eq. ( |3.16 ). 



The physical (pole) mass of the light Higgs can be solved as function of M\, Mjj, M|, e. 
One Taylor expansion may simplify the analysis and help us to realize this point. 



1 rl^ 

,2^ i\j2 , ^f^2 nj2 ^2 " V r^2\\ _ , ^nrr^2 nj2 
+^[ 5Ml + 5Ml - 5A ] - S,,(M2^) + T,, (3.18) 



The choice = Mfj^ in Eq. (|3.15|) makes Eq. ( |3.16|) independent of 6A {i.e. 5(3) when 



these two equations are added together, 

q' = Ml + Ml-Ml + \{q' - M^^f ^^i:,,{q%.^Ml, + 0{{q' - M^^f) 

-[ ^hhiM^n) + ^hh{MI) ] + [6Ml + 6Ml] + [ + Thh ] (3.19) 

The -^p'Zhhiq'^)\q2=Mlj^ term is UV finite unless the order of divergence in the self energies 
of the scalars were higher than quadratic. Had not the supersymmetry been broken, the 
remained Efe/j(M|), S///^(M^), Saa(M|), S|^(M|) and Thh, Thh would also be conver- 
gent in a super-renormalizable theory. Although the breaking of supersymmetry cause 
those self-energies divergent, we can put forward a question, whether there remains a 
space to accommodate the cancelation of all of those divergence. 

Fortunately, the possibility for the last line in Eq. ( p.l9| ) to be UV finite, had been 



hinted in the Append. E. 7 of |1|] and verified analytically in Our combination of 

self-energies for Z'^, A, H and h bosons in Eq. ( p.l9| ) had been employed as the "renor- 
malization of the neutral Higgs boson mass sum rule" of |jT5|,|l9|. 

We have examen it with the top quark and its squarks in one loop corrections. We 
can manifest the UV divergence in these 4x7 + 2x3 = 36 diagrams to cancel neatly. 
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3.4. the FREE Mh and the counterterm of /3 



A cautious one will notice the using of in Eq. ( |2.6D for Eq. ( |3.19D . This means that we 
have defined (3 as an induced variable perturbatively through Eq. (|2.6|), i.e 



Mfj-M'z<MX< Mfj (3.20) 

Such a presumption originates mainly from that, no experiment has indicated the 
necessary to abort this relation till now, although LEP does not prefer a SM Higgs lighter 
than gauge boson Z The tendency limjvf^^oo = Ma is one prediction of MSSM 



at tree level and it is found to hold in the evolutions at one loop @,?]. Here we consider 
it as a possible point of MSSM to test. 

There is no theoretical evaluation against ( p.20|) yet. In reality, we could have erased 



the subscription = Mjj from Eq. ( |3.15| ) and could have got an expression analogous 
with Eq. ( p.l8|) for the heavy Higgs. Nevertheless, such two equations could never be 
sufficient for three variables (M|fp, M|p, 5 A) if we had employed [3 as an independent 
input, although such a treatment sounds more strict and careful. Furthermore, the UV 
convergent part of 5(3 is difficult to tag although its UV divergent part {MS) had been 
fixed uniquely by the gauge symmetry, so that the uncertainty in 5(3 would be traded 
into MIp, M'jjp by 5 A if = Mjj was dismissed. In fact the Mjjp predicted in those 
(3 — scheme is never destined to be conflict with Expression (p.20|) . 



The EP performed little numerical evaluations for Mjjp. One typical numerical 
evolution in RG approach can be found in the flrst of 0], and expression ( p.20|) overlaps 
most of the permitted region in its "Fig. 4 — b, Bounds on the higgs masses" when 
"R = V2/V1 > 1". Even the most recent works with stop mixing and RG-improvement, 
2^ , [^ , can not defeat the spectrum ( |3.20|) deflnitely. In that kind of language |2! 



our spectrum means M^p — M| < e < M^p, which is a natural space. The former FDC 



evaluations, the flgures in ||2^ confirmed the same spectra when tan/5 > 1. 

Those arguments for the tiny of the UV convergent part in 6(3 is just the one for us to 
neglect the loop effect for the difference (violation) from Eq.( p.6|) , although which follows 
the tree level assumption tan(3 > 1. 

So we straightforward terminate using (3 but start utilizing Mfj as a free input parame- 
ter by = Mjjpj^y^ = Mjj^. The measurement of Mfj may be not as early as we expect, 
but its physical definition is always more unequivocal than the physical definition of (3 
itself. Another reparameterization attempt had been made in 0. There (3 was replaced 
by the mass of the lightest Higgs boson which may be measured first. 

The counterterm of Mfj then brought us the one of (3 through Eq. (|2.6|) , 

_ ^ 5Z {H -A)HA ^ 6H {A + Z- 2H)AZ + 6A{H - Z)HZ 

MzHA MzHA 

where e = Sign{v2 — vi), and 



MzHA = 4AZ^H{H - Z){H - A){A + Z - H) (3.22) 

A, Z, H denotes M\, , Mfj respectively. 6Z means 5M| and so on. Similar situation 
had ever happened in SM, although the counterterm in our Eq. ( p.21|) looks like a little 



queer. The radiative corrections had never shrunk one from defining the counterterm of 
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Weinberg angle 56w by cos^ 6w = M^r/M^ even before the discovery of gauge bosons W 
and Z. 

The renormalization constant of other mixing is get as soon as M|p appears, 
^"^Hh - 2[ —2 rj^ + 7T72 T72-\ + 



^^h = -—^hh{q^)\qi=Mlp (3.23) 



which is useful for practical manipulation. Similar treatment can be applied to the charged 
Higgs as listed in the Appendices. The frequently used rotation angle a of CP even Higgs 
is defined in the first of Eq. (|2.7|) and its counterterm is 



5a = - csc^ 2a[ 2 csc^ 2/5— |— — 1-(5/5 + 2 tan 2/5^ 3.24 

Now, the radiative corrected tree-level relations are no more than Eq. ( ^.9| ). If we do not 
insisted that (M^+^) is physical mass of (charged) Higgs, even these equations hold. 
The perturbative MSSM permits a chance to calculate the dependence of M|p, M^+, /5 and 
a on e, M|, M^, M\ and M^, which will be given as input parameters from experiments. 

A numerical investigation is given in the 5'th section, where we will be convinced 
that, the re-parameterization (3 —>■ Mfj has never caused any considerable numerical 
distinction from other schemes. And now we turn to another important aspect of MSSM 
renormalization, the consequence of gauge invariance. 



IV. RENORMALIZATION OF GAUGE-HIGGS MIXING FROM WTI 

The appropriate renormalization of gauge fixing term (consequently of gauge-Higgs 
mixing), which should be consistent with the renormalization of VEV (consequently of 
P), must be studied carefully here. Following and [|1^], we change nothing else but 



attach a subscription R (meaning renormalized) to the fields and parameters in Eq. ( p. 11 



Then in our scheme, the renormalization keeps the form of Eq. ( |2.11| ) unchanged at 



all. The main reason is that the renormalization procedure mentioned above on the 
classical Lagrangian has really cancelled all the UV divergence of the proper vertices. It's 
convenient to examine this point by one auxiliary generating functional action 

f[F,K] = -i\og{ J [VF{x)]Exp[i J dxL{x)eff] + J{x)F{x) + K{x)5^^^ F{x)} 
+i\og{ J [VF{x)]Exp[i J dzC{z)gf} (4.1) 

where J[DF{x)] denotes the functional integrating of all the fields F{x), such as vector, 
scalar and ghost fields. K{x) is the source of the BRST transformation on field F{x), 
corresponding term is added to 

^eff = + ^gf + ^FP (4.2) 

Since the fields power in gauge fixing term is no higher than two, the contribution of 
Cgf to the proper vertices from T[F, K] is merely in loops. So the deduction in Eq. (|4.1|) 
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is equivalent to that no renormalization substitution is needed for Lg^ within £(x)e//. 
Further expounding necessitates the important WTI which is held in both 2HDM and 
MSSM, 

d X—————— + , , , ^ , ^ + 



6T 6T 6T 6T 6T '^^ _ n 

^ 6A{x) 6Ka{x) ^ 6C^{x) 6Kcz{x) ^ 6C^{x) 5Kc-f{x) ~ 

where the symbolic F{x) has been embodied as the neutral vector boson Z^, photon A^, 
their corresponding ghost (C^), the neutral unphysical Goldstone G and the pseudo- 
scalar A. The Ki[x) is the BRST source coupled to corresponding field. When the func- 



<52 52 52 52 52 

52 



tlOnal differentiates sZ^{y,)5CZ{y2)^ ^GfeO^C^fea) ' ^AfoO^C^fea)' 5A^(s/i)5C^(y2) ' 5A^{y,)5C-'{y2) 



5 A {yi)sc^{y2) performed on Eq. (^73|) , a set of WTI as Eqs. ( |C.1| ) are obtained. There 
r^j denotes two points (IPI) vertex in momentum space, and r[C*, Kj] denotes the Fourier 
transformation of j^i^- The latter can be calculated from 

^BRS^ = - |-[ C+G- + C-G+ ] + Hcos{a - /?) - hsm{a - (3) ] 



^BRSj^ = hcos{a - f3) + Hsm{a -/?)]- |-[ C+R- + C-R' 

2 



S^'^^Z^ = --^{W+G- - W^G+) + d^G^ 
^BRs^^ = - W^G+) + (4.4) 

for example, 

f = A;,J(A;2), f [C^,Kg] = -zM^/(A;2) (4.5) 

and so on. It's luck to find that, for most of those physical vertices Ff^-, their coefficient 
functions usually vanish at tree-level. Even though those coefficient might remain, these 
unphysical vertices T[G^,Kj\ can be eliminated away as the treatment in |jl2|. Further- 
more, when only one- loop corrections of ■ are concerned, F[C*, Kj\ can be kept at lower 
order, then the tree form J(/c^) = 1, /(fc^) = 1 is sufficient for these equations. 



ff^fc, + f^zci-^Mz) = 0, %zK + fGG{-^Mz) = 

f\zK + TAci-iMz) = 0, f^'^zK + f';a{-iMz) = 

f>;'zku = 0, f^^K = (4.6) 

Except the third and the sixth, these equations are recognized just as the ones met in SM. 
For example, |p had given similar expressions deduced from the generating functional of 
the full Green function. 

With the definition of the renormalization constants Zzgi ^Zaz-, ^Z^^q and SZA-y, 

ffc^ = ZzG{-^Mzk^^) + f^zG^ fg^^ = ZzGiiMzk^') + T^gz 
flz^ = 5ZAz{iMzk^) + f^Az, f 5, ^ = 5Z,G{-iMzkn + 

V%^ = 5ZA,{lMzk^)+f^A-y (4.7) 
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those equations in (|4.6| ) can constrain the renormahzed vertices too, 

k,[ (M| + 5Ml)Zz-g^ + ] + {-^Mz)[ Zzci-iMzk'') + T^zg 

k,[ Zzcmzkn +f^Gz] + HMz)[ Zok^ + fee ] = 
k,[ 5ZzA{iMzk^) +f^Xz] + {-iMz)[ Z'J^Ml + f ] = 



k.[ (M| + 5MI)Z'J'Z'J^'^ + V^z", ] + {-^Mz)[ SZ^cHMzkn +r',G]=0 



k,[ (M| + sMl)Zz,^ + r^;^ ] = 0, k,[6ZA,mzkn + r^^j = O (4. 



ZzG comes out from Eq. ( [4 .81 ) up to one loop order, when the first contracted with k^ is 
added to the second produced with iMz- The last two are the trivial constrains which 
repeat the fact that, the propagator of massless photon is transverse and — A mixing 
is UV convergent at one-loop. 

6ZzG = ^6Zz + -6Za + ^ 

SZaz = ^SZga SZ^g = ^^Zz^ 6Z^A = (4.9) 

It is the full proper vertex (with gauge fixing term) that goes into physical calculation. 
When the gauge fixing term in Eq. ( |4.1j ) is restored, only the unit term in the original 
gauge-scalar mixing are cancelled, since the gauge fixing terms are kept unchanged in this 
scheme. Then such scheme gives 

r^a' = ^ZzGHMzkn + r'i^G 

T^R fj' -p^ M -pR 1^ -pR A* (A '\r\\ 

^ AZ — ^ AZ y ^-yG ~ ^ ■yG 



It's worthy to notice that, the 6A4ag (tadpole in Eq. ( p.l2| )) must be included into the 



Tag- Otherwise, the UV divergence in the Z^ — G transition can not be cancelled neatly 
as formally imaged by the third of Eq. ( ^4.6| ). Since these renormalization constants of 
mixing ought to be inserted into the amplitude of some physical process, these tadpoles 
mustn't be dropped away naively, and they support the 6(3 for a finite S-Matrix. In such 
a way, when the relations of proper vertices are constructed appropriately, no doubt, 
Eq. (|4.6| ) guarantees that such a perturbative definition can make those renormahzed 
Green functions on the left side of Eq. (O) to be UV convergent. 



For a comparing, we perform the renormalization replacement to the linear order of 
S listed in Eq. ( p.l|) but leave Cgf unchanged, and collect the dimensionless coefficients 
of the gauge-scalar fixings Z^d^^G, Z^d^^A, A^d^G and A^d^^A respectively, then we find 
ourselves run onto Eq. ( ^4.9| ) again. 

Crm. = -MzZ^d.G ^ 

-{Mz + SMz)[ ZTZ^ + Z'i^A^ ] d, [ Z]llA + Z]l^G ] 

1 1 bMv 

= -Mz[-5Zz + -5Zg + ^] Z^d.G 

-Mz[^6Zga] Z^d^A 
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+0 A^'d^A (4.11) 

The similar situation take place for electric charged gauge-scalar mixing and all other 
truncated Green functions. This means nothing else but the WTI has ensured the renor- 
malization "leaving Cgf out" can cancel all these UV divergence. 

In fact we could have renormalized Cgf with explicit renormalization constants like 
the last line of Eq. (|3.2|) . In consequence, we would have to seek proper counterterms for 

0, so that all these divergence can be cancelled up within the Cgf terms. Then we 



succeed the inference of the work of l^^l ^'^ economize the renormalization of Cgf at the 
beginning. 



V. DISCUSSIONS AND CONCLUSIONS 



When such a systematic renormalization scheme is completed of Higgs sector and 
gauge-scalar mixing, the calculation of S-matrix can be organized in an apparent and 
simple way like [|l3land [l^. Here we concern only that, by which feature and to what 
extent can we judge the lightest Higgs is supersymmetric or not, if it is awaken up here or 
there. So Eqs. (|3A|, 



3.24|) have to be employed for a complete simulation. 
The Eq. ( |2.9| ) set the mass of the lightest and the charged Higgs when they appear in the 
inner line of loops as virtual particles. A symbolic M|p can save bookkeeping and these 
expressions are very simple for modern computers although they seem tedious. 

After the Taylor expanding in Eq.( p.l9| ), the manifestation of the UV cancelation is 
straightforward in our analysis expressions, with the help from Cos2a = -Cos2(3{Ml - 
Mz) /{Mfj - Ml^) , Ml^ + Mjj = M\ + Ml and a relation in the stop sector 2Mt(A„ + 
fiCotf3) = {Mf^ — Mf^)Sin26f:. [Oi is the mixing angle between the left and the right 
hand stop quarks). However that series is not convenient for a numerical solution, so 
we iterate near M^p^ until our equation is satisfied with a standard FF package ||2^ . 
In our scheme the expression ( p. 201 ) means that we can not make a global plot for M^p 
dependent on Ma (Mh) when Mh (Ma) is fixed. We investigated the range Ma{Mh) ~ 
110, 250, 500, 850 GeV respectively with a top quark mass Mt = 175 GeV as shown in the 
Fig.l. As to the parameters in the stop quark sector, we prefer to the physical masses 
of stops and their mixing angle. A set of representative inputs are plotted, such as light 
spectra just over experiment bound ( Mf^ = 70 M^^ = 230 ) and a heavy spectra ( 



= 250 = 850 GeV), with both zero {6^ = 0) and maximal (% = tt/A) mixing. 
One can still recognize Mhp from the profile in our figures, although they seem a little 
unfamiliar to the eyes accustomed to conventional tanP plots. The data displayed are 
merely by-production of our scheme, from which we can conclude that the dominant 
radiative corrections for the lightest Higgs has been acquainted properly, although a more 
accurate prediction for its mass is not reached since neither the whole virtual particles 
nor the two loop effect were included in our numerical reiteration. 

This FDC procedure is designed for a simple and consistent amplitudes calculation 
without EP or RG, since less junction means less uncertainty. This realization is also com- 
patible with taking over the conventional treatment in [|12],^,|13|,|14| for the renormalization 
of SM gauge bosons, fermions and couplings. 
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This systematic renormalization for MSSM need the super partners of the involved 
virtual particles, no matter how heavy they would be. The Decoupling Theorem |^ still 
holds but in a manner that particles have to decouple with their corresponding super 
partner. Otherwise the UV divergence would be left in mass of the light Higgs boson. 
Using Decoupling Theorem in the manner that all the super partners are integrated out 



from the original Lagrangian, means the scheme for 2HDM in |]14[, then the price is that 
the all the masses of Higgs bosons and the angles f3 , a have to be input as FDC free 
parameters. 

Anyway, that 2HDM and this MSSM have the same gauge structure, so our 
Eqs. ( [4.9| , [4.10|) is still held and utilizable. Certainly, some decay of Higgs can be employed 
to renormalize (3, a in this unconstrained 2HDM. 
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APPENDIX: 

A. mass v.s. gauge eigenstates in MSSM 

A. MSSM field representation 

fH\ fG\ /G+X^ /cosC sinCW0?\ /x? 

Uy' Ur \H+j Usinc cosc/Uy' Ix^ 



(A.l) 



where ( = a, i), i)+ from left to right respectively. At tree-level = i)+ = j3 and this 
renormalization can accommodate i)^ = i)^ = (3^ and 5d = S'd-^- = 5(3. 

B. mf expressed as physical parameters 

, mg, m| can be solved as function of M.aa^ "^h, %i in MSSM 

m\ = — sec 

- Th cos ^[cos{a- (3 - 2 cos{a + (3 - - cos{a - (3 + ^)]/{2v) 

- ThCos^[-sm{a- (3 + 2 sm{a + (3 - '&) + sm{a - (3 + ^)]/{2v)} 
ml = sec^ {(3 - ^){[16Maa + 2{8Maa + 2gh^ cos^{f3 - ^)) cos 2p]/32 

+ % sin ■(9[cos(a - l3-'d) + 2 cos(a + P - 'd) + cos(a - /? + ^)]/{2v) 
+ Th sin t?[sin(a - p-d)+2 sin(a + (3 - d) + sin(a - /5 + ^)]/{2v)} 
ml = sec'^{(3 - t9){r?,[cos(a + (3) + cos(a - (3) cos2??]/(2t;) 
+ [cos 2^9 sin (a - f3) + sin(a + l3)]/i2v) 

-TWi sin 2/3/2} (A.2) 

C. Mass form 

Multiplied by a factor 2, the matrix elements rotated from the original potential read, 

Mag = Mga= [ 8ml cos 2^? + {-4ml + 4^2 - - 5'2^i + 9i'^2 + qI^I) sin 2^ ]/4 
Mgg = [ (4mi - Ami + 9i^i + " 5'i^2 - fi'2^2) cos 2t? + A{ml + ml + 2ml sin 2??) ]/8 

Mhh = [^ml + 4ml + alvl + aWi + alvl + glvl 
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-2 (2m? - 2ml + aWi + dl^l - gfv^ - glvl) cos 2a 

+2{-A'm\ + glviV2 + glviV2) sin 2a ]/8 
MhH = Muh = [ i^rril - {gl + g^)viV2) cos 2a 

+ {-2ml + 2ml ' 9^1 - qI^I + qIvI + glvl) sin 2a ]/2 
Mh+h- = {^rn\ + 4m^ + glv\ + c/^f ^ 

+ (-4mi + Ami - 9i^i + 9i^l) cos 2t9+ 

+2(-4m3 + glviV2) sin27?+ ]/4 
Mh+g- = Mg+h- = [ 2(4m3 - glviV2) cos 2^9+ + (-4mi + 4ml - fl'i^i + 5'i^2) sin 2^9+ ]/4 
A^G+G- = (4m2 + Ami + dWi + 9^1 

+ {Am\ - Ami + 9i^i - al^l) cos 2t9+ 

+2(4m^ - glviV2) sin2^?+ ]/4 (A.3) 



B. counterterms in MSSM 

A. The counterterms for the combinations of tadpoles are 

Thh = cos(a — /?)[ — STh + Th cos2(a — [3) —Th sin 2(a — /5) ] 
Tag = TGA = -[Th cos(a -f3)+TH sin(a - (3) ] 

V 

Tgg = cos(a - p) - Th sin(a - p) ] 

Thh = ^ sin(a - f3) [ 3T^ + Th cos 2(a - /5) + sin 2(a - /3) ] 

Tnh = ThH = 77- [ 3Tft, cos(a - /5) + T/^ cos 3(a - /3) - ATh sin^(a - /5) ] 
2v 

Th+h~ = 

2 

^_ff+G- = T'g+h- = -[ cos(a - (3)+Th sin(a - /5) ] 

V 

2 

7g+g- = -[ cos(a - P) - Th sin(a - /5) ] (B.l) 

V 

These tadpoles correction in CP even neutral Higgs are different from the ones get by 
others [|15[|14|- It's easy to check that our Thh + Thh is equal to the bnH + bhh — bAA in 
p!5| , and the qgg in 111]- However, the Goldstone-Higgs mixing terms are the same, as 



pointed in the context, these Goldstone-Higgs tadpole loops must be included into the 
corresponding proper vertex. 

B. renormalization for charged Higgs sector 

Pole mass and H^G^ mixing to one loop order 



^H^q') + {q' - Mfj+^)ZH+ - 5M^+ = 
5Ml+ = 6Ml + 5 Ml 

r2 Xl\j2 ■sry\l2ry\l2 



Sh+g+(0) + (0 - M^+^ - 5M^+)^f/;^H+G+ - 
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The third equation restricts the charged Goldstone pole mass to be zero, and it's help- 
ful to solve 5Zq+ij+ in the fourth equation, which is more useful for physical process. 
There is analogous expression for the neutral Goldstone but the 5Zga can be calculated 
independently. 

C. Some Ward-Takahashi identities in the neutral sector of MSSM 



f f^f [C^, X^] + f f/[C^, X;] + f [C^, Kg] + V^zaW^. ^a] = 
f ^^f [C^, X^] + f ^/[C^, K;\ + f Gcf [C^, Kg] + f G^f [C^, Ka\ = 

v\zV[c^, x^] + f :;/[c^, x;] + f ^cf [c^, Xg] + f [c^, Ka] = 
f i;^f [c^, /r^] + f^;^;f[c^, x;] + f ^;Gf [c^, x^] + f^;^f [c^, x^] = o 
f^;^f[c^ ir^] + f^;^;f[c^ k;] + v>;Gnc\ Kg] + f !;^f[c^ Ka] = o 

f^^ffC^ A:^] + f\T[C\ Kn + f^Af[C^ Kg] + f AAf[C^ i^A] = (C.l) 



The similar expressions hold for the charged sector and lead to the W mixing with 

scalars. 



d 



(B.2) 



6Zw+G+ = -^^Zw + -5Zg+ + 
^Zw+H+ = 7;^Zg+h+ 




(C.2) 
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FIGURES 
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FIG. 1. radiatively corrected light CP even Higgs mass is plotted as a function of M^, tan/3 
varying implicitly from 1.4 (low Ma) to 80 (heigh Ma) with Mh fixed, the solid (dashed) lines 
are for the heavy {light) stops, with fi = (deferent /x marked for = 0), and the thin (thick) 
lines are for zero (maximal) mixing. 
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